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FLOW OBSERVATIOKS WITHE TUFTS AND LAMPBLACK OF
THE STALLING OF FOUR TYPICAL AIRFOIL SECTIONS
IN THE N,A.C.A, VARIABLE-DENSITY TUNNEL

By Ira H. Abbott and Albert Sherman
SUMKMARY

A preliminary investigation of the stalling processes
of four typical airfoil sections was made over the criti-
cal range of the Reynolds Fumber. Motion pictures were
taken of the movements of small gilk tufts on the airfoill
surface as the angle of attack incresased through a rangs’
of angles including the stall., The boundary-layer flow
also at certain angles of attack was indicated by the pat-
terns formed by a sucpension of lampblack in oil brushed

onto the airfoil surface. These observations were analyzed

together with corresponding force-test measurements to de-
rive a picture of the stalling processes of airfoils,

INTRODJYCTION

*

The stalling characteristics of an airfoil section
are among its most important aerodynamic properties, not
only because the velue of the maximum lift coefficient
determines the wing loading permissible for a gilven sgtall-
ing speed but algo because these characteristics Influence
the manner of stall of tapered wings, which is intimately
connected with lateral stability and damping in roll at
the gtall, A discussion of the mechanism of the stall is
given in reference 1, in which the stall i1s congidered to
be caused by laminar or turbulent separation resulting in
general flow breakdown; the type of separation ig governed
by tine airfoil gection and the Reynolds Number and is in-
fluenced by the general boundary-layer conditions. A4Al-
though much experiumental and theoretical study has besn
devoted to the mechanism of the stall, the phenomena which
occur are so complex that the understanding of the subaect

remains ungatisfactory. —

-
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The present preliminary inviegtigation wasg undertaken _
to study the stalling of four typical airfoll gections
over the critical range of—the Reynolds Number in the
N.A.C.A. variable-dengity tunnel.” This investigation is
to be extended to include the stalling of tapered wings
in the N.,A.C.A, variable-density tunnel and of airfoil
gections in flight and in wind tunnels of much less fur-
bulence than that of the N.A,0.A. variable-density tuunsl,
It is expected that the results of these investigations,
togetner with advances in boundary-layer theory, will
provide some additional information leading to a better
understanding of the nature of the stall and of the ef-
fects of wind-tunnel turbulence on alrfoil data.

Motion pictures of the movements of small gilk tufts
on the airfoil surface were made as tlhe airfail passed
tarough .the “stall, As an indication cf—the boundary-layer
flow, patterns formed by a suspension of lampblack in oil
brushed onto the airfoil surface were observed at certain
angleésgs of attack, These observations were correlated #with
force~-test measurements to provide a partial plcture of
the stalling processes of the alrfoil sections under the
flow conditions of the variable-dengity wind tunnel,

METHOD

The models emploved were the N.A,C.A, 0C0S and 8318
rectangular, square-tip airfoils and the N.A,.C,A, O0Ll2 and
4412 rectangular, rounded-tip airfoils. The tesgts werse
gsimilar to the usual force tests (reference 2) oxcept thay
two angle-of-attack stings insgtead of the usual single
sting wers used to eliminate interferemce at the midsec-
tion of. the airfoil.. The only force measursmsents made
were readings df the 'lift coefficients near the sgtall,

For the obgervations.-of. thé general flow above fthe’
airfoil surface, fine silk tufts were employed; their
length and spacing were of the order of 1/4 inch. They
were affixed by their front ends tv the airfoil upper ‘sur-
face near the midsectlon &nd their positions were stag-
gered_ to minimize mutual interference. A romotely oper-
ated l6-millimeter motion-picture camera was used to take
the picture records, the tunnel lights being dimmed momen-
tarily at specified. values of the continuously increasing
angle of attack to indlcate the angle of attac& on each
film i -
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For the boundary-layer patterns, lampblack was sus-
pended in 0il of various visconsitles, the viscosity being
changed %o suit the tunnsl operatiag conditions, and was
brushed onto the airfoil in as thin a film as possible,

The observations were made at fixed angles of attack to
obtain patterns of the flow for steady conditions. Motion-

plicture records, supplemented by visual observationg when

possible, were obtained of the formation of the patterns,
Pogsition measurements of the proainent lineg aud regionsg
in the lampblack patterns wers obtained after each run.
Although some featuresg of most of the patterng chansged
slowly with time after the air flow wag stopped because
the 01l ran over the gurface, 1t is believed that thess.
measureaqaents rapresent t 18 pattern with & falr degree of
accuracy.

The tufts wWere expected to degcribe the general flow
over the airfoil, and the lamptlack in oll was expected
to indicate the nature of the flow in the boundary layer,
It is important to recognize the possibility that the
tufts or the lampblack may have changed. the character of
the flow by their presence, Thls effect, nowever, is be-
.1ieve& to have bsenrn gmall, inasmuch as the values of the
maximum 1ift coefficients agreed with the values previously
obtalned without tufts. : .

B L BPT ST

RESTLTS AND DISCUSSION e

. Figures 1 to 4 yresent the ragu lts of the tuft obser-
vations correlated with the corresponilng_gecuiqn 1ift
curves derived from force-test data., The flow repressnta-
tions arve crrouped in columng corresponding %o the differ-
ent values of thz effecctive Reynolds. Number - Rg; the ordi-
nate position of each representatlon corresponds to the
section angle of attack 30'- Importaﬁt features of the

flow.in the boundary layer ag deducedl from the lampblack .
patterns are indlcated on the flgures by appropriate sym-
bols, Where gsymbols -are 1ack1ng, no measarsments ware .
made- : : .

Interpretation of data.- In the interpretation of the
tuft observations, the two conditions teraed "unseparated"
and "fully separated" flow were easily distinguishabdble,
For unsepargted flow, the tufts would ordinarily lie flat
‘on the airfoil surface Without movement; for separated
flow, the tufts fluctuated violently:in direction, some~




iy

4 N.i.C.Ai. Technical Note No. 672

times disappearing euntirely from the pictures but general-
ly indicating a strong reversed flow. The detalils of the
transition from unseparated to fully separated flow varied
with the different airfoils and with the values of the
Reynolds Number.

In some cases, such as for the N.A.C.A, 4412 airfolil,
the first fluctuations of the tufts as the angle of attaclk
of the airfoil was increased were small uncertain movements
of those nearest the trailing edge. Such movements were
considered to be caused by the relatively thick. turbulent
boundary layer, and the flow is considered to be unsepa-
rated. ' '

In other cases, the first movements of the tufts were
sudden, violent flicks in which the flow indicated by the
tufts completely changed direction. These flicks might
occuy over either a small or a large region. Sometimes
these flicks were of very short duration, occurring only
for the length of time required for the air to travel two .
or three chord lengths. As the angle-of attack increased,
these flicks commonly became moré fregquent and of longer
duration. The flow in this case is represented in figures
1 to 4 as "momentarily separated.”

As the flicks became more frequent and of longer dura-
tion, a point was reached where the time during whlch the
flow was separated was of the same order as the time of
unseparated flow. Such a condition is defined as being
"intermittently separated." Thisg condition often occurred
without the intervention of the sudden short flicks pre-
viously mentioned.

In the-case of the lampblack-in~o0il dbservatlons, _
stidy of motion-picture records and visual observation in-
dicated that the first movements of the very thin film
usually consisted of a downstream flow from the 1eading
edge and a cleaning out of the film by both upstream and
downstream nmovements from some point downstream from the
location -0of the peak negative pressure. . In-the interme-
diate reglon, two sharp lines of lampblack and oill devel-
oped. These lines might either be merged or be separated
by an appreciable distance, in which case the film between
them reméined undisturbed by the flow. In all cases, the
distance between the first sharp line and. the downstream
point from which the film moved in both directions de-
creased at increased Reynolds Numbers or reduced angles of
attack, the entire pattern disappearing at gufficiently
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low angles, The digtance between the two sharp lines
varied accordingly. The general appearance of a pattern
is shown in figure 5, - The sketch (fig. 5a) points out the
most definite featureg uswally obgerved in a lampblack
pattern as they occurred on the N,A,C.A, 8318 airfoill,
(See fig. 5b.) Berfore the photograph (fig. 5b) was taken,
incidentally, the pattern had run appreclably, losing itse
original sharpness. :

The proper interpretation of such patterns is .doubt-
ful, but the variations of the pattern With angle of at-
tack and Reynolds Number correspond closely to what would
be expected from consideration of the boundary-layer con-=
ditions on the basis of the following tentative 1nterpre—
tation. : e R _

The first, or upstream sharp line is thoughtto be
asgoclated w1th a local reduction in the. shearing forces
at the surface of the airfoil, Suzch & reduction in the
snearing forces may be caused by laminar separation and,
for brevity, the location of thig line will be réfsrred to
as "point of laminar geparation." The point from which
the film moved in both the upstream and the downstream di-
rectionsg 1s consideracd to be the point where the fldw re-
turng - to the surface ag the regult of the formation of
turbulence, The second sharp line then becomes the up- g -
gstream limit of the region &6f strong reversed flow under B
the ové¥ruaning boundary layer. - : -z

On the basis of this interpretation, the patterns
gnow tne increased difficulty experienced by the flow in
returding to the surface after laminar gseparation at high
anzles aof attack or at low values of the.Reynolds Number.
Eventually this process, in the case of the N.A.C.A., 0009
and 0012 airfoils, leads to complete .flow .separafion from
near the leading edge, as indicated by the tuft observa-
tions., In the casse. of the N.A.C.A. 4412 and 8318 airfoils,
the stall oeccurs. by progressive separatlon from near the
trailing edge before the laminar separation becomes, eufffl
ciently severe to cause complete flow breakdown. -

[P

The positions of the first sharp line of the patterns
are tabulated in table I together with s ome theoretical
separation points computed for the. saue conditions by the
method of reference 3, The most impdrtant features of the
boundary-layer flow, as indicated by the foregoing inter-
pretation, are shown in figures 1 to 4., Some features have
been omitted from the pressntation because of dlfflculty in
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measgsuring or interpreting the patternsg, In particular, the
point where the flow is considered to return to the surface
ig often omitted because too little lampblack rewained in
this region to permit measurement after the pattern was
formed, On account of tnese difficulties and the pogsibil-
ity that the accumulation of the lampblack may affoect tho
flow, the use of this methaod for the. gstudy of—tne boundary
laycr igs not advocated.

N, A, C, A, 0009 airfoil.- The resultg for the N.A,C.A,
0009 airfoll are presented in figure 1, This alirfoil isg
an exasple of the type in which fthe stall ig influenced
prlaarily by the laminar separation occurring near. the
leading edge, In the lower crlplcal range of_tne Beynolds
Number, this first evidence showa by the tufts of the ap-
proaching stall 1s momentary separation occurring at the
loading edge followed by intermittent geparation elther
spreading downstream from the leading edge or occurring
gimultaneouwsly over the whole upper surface, The con-
pletely separated region grows backward to covdr'ﬁhc en-
tire upper surface, If the 1lift isg sufficiently low, how-
ever, it continues to increage to about the maximum llft
COBfIlClBDt for a flat plate. : ““ T

At a value of the effective Roynolds Fumbor of
3,400,000, the action ig similar to that in the lowor
range except that momentary separatlon first occurs near .
the trailing edge, which probably izndicates separation of
the turbulent boundary layer. The separated regilon does
not grow forward but probadbly influences the momentary
separation--that suddenly occurs over the entire upper sur-
face; the stall then desvelops much the same as at the
lower values of the PRoeynolds Number. At the higher values
of the Reynolds HNumber, internittent separation occurs
simulfaneously over the entire upper surface.

N.A.C.A, 0012 airfaoil.- At the lower end of the criti-
cal Reynolds Number range, the stalling process for the
N.a.C.A. 0012 airfoil (fig., 2) is similar to thet for the
N.A.C.A., 0009 airfoil, in that separation grows back from
the leading edge to cover the entire upper surface and then
increases in intensity with lncreasing angle of attack. At
the higher Reynolds Numbers in the critical range, the gep~-
aration starts at the trsailing edge and probably influences
the complete flow breakdown from the leading edge that oc-
cur s at larger angles of attack.

- N.A,C.a, 4412-éirfoi1.~ The chargcteristics of the
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stalling process for the N,A.C.A. 4412 airfoil (fig, 3)
appear to be opposite to those for the W.A,C,A, OCOF air-
foil, Separation grows forward from the %trailing edge
witiah increasing engle of attack, eviderntly as a result of
progregssive separation of the turbulent boundary layer.
Separation originates at lower angles of attack ag the
Reynolds Number is-increased and the stalling process
covers a larger range of anglesg, the maximunm lift coeffi-
cient being higher at the higher values of the Reynolds
Number. There are no gudden changes 1in the character of
the flow in the region of the stall, The overrunninsg flow
appears to be unaffected by the laminar separation indi-
cated by the lampblack tests, but the presence of this

lainar geparation probably influences the turbulent sen-

=Rl iDL TS . VAV [ 2R g -l AL LAILT M T AL =

aration néar the trailinz edge. (Compare reference 1,)

N.A.C,A, 8318 airfolil,~- Figure 4 shows the stalling
processes for the N.A.C.A, 8318 airfoil, which are some-
what similar to those for the N.A.C.,A. 4412, At a value
of the effective Reynolds Number of 200,000, a sudden sharp
drop in 1ift occurs at the maximum and is accompanied by a
corresponiing sudden change in the character of the flow,

At all values of the effective Reynolds Number for which
tests were made, except for & value of 800,000, the tufts
showed separation phenomena at the middle of the section
corresponding roughly with the region of reversged flow in-
dicated by the lampblack at the lower values of the Reynohh
Kumber. 1In general, however, the stall results from pro-
gressive separation of the turbulent boundary layor, the
separated region grow ing forward.from the trailing edge.
The leading edge resists the process of separation diuch
more markedly than does that of the N.A.C.A. 4412

General stalling processes.- The stalling processes
shown by these tesgts are in agreement with the discussion
of stalling presented in referunce 1, The final flow
breakdown occurs either as leading-edge separation, cauged
by separation of the laminar boundary layer and failure to
reegstabligh the flow through the formation of turbulence,
or as separation of the turbulent boundary layer nesar the
trailing edge. These twWo stalling processes are not, how- '
ever, separate phenomena occurring indenendently bﬁf’are )
intlmatelv related, the actual point of geparation and its
growth being 1nfluenced by the general boundary-layer con—
ditions.

When separation occurs near the leadinz edge (figs. 1
and 2), it usually causes a sudden drop in 1lift either with
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or without violent fluctuations between the two condltions
of stalléd and unstalled flow. In the case of the WN.A.C.A,
0009 airfoil (fig. 1), this type of separation occcurred at.
all values of the Reynolds Number; buf ‘at the lower values,
the flow Ww&s partly reestablished over a large portion of
the chord and the stall was progressive, The reestzbligh-
ment ofthe flow was fecilitated by the low 1ift coeffi-
cient at the stall, which indicates relatively low adverss
pressure gradients. . _ L -

When separation ocecurred near the tra1114g edge (figs.
3 and 4), it progressed forvard without ‘any sudden flow
changes or drope in the 1ift except im the cage of the
¥.,A.C.A., 8318 airfoil at the lowest value of the Reynolds
Number tested, for which the final flow breakdown apparent—
ly occurred asg the result of forward separation.

The question arises as to the extent ta ‘which the
general flow is separated and to which the Lift is affect-
ed when separation is showh by the tufts on the surface,
particularly when the separation shown by the tufts is of
short duration. In the present tests, the tufts often
failed to skow the local separation indicated by fhe Tamp-
‘black, which indicated that the region of reversed flow
was very shallow 'and had little effect on the general flow.
Similarly, less shallow regions of reversed flow might be
indicated by the surface tufts but have 11+tle_gffect on
the 1ift coefficient. Jones~(reference. 4) studied the flow
by means of tufts attached to small rods extending some
distance from the airfoil surface, dut little has been done

to correlate the results,of snch studies with the effects

en instantaneous 1ift’ for~part1cu1ar airfoil sectloms. TFur-

ther study of the detailed flow changes and. the accompany-
ing flucetunations of the forces at the stall appears to of-
fer a promising field of research leading ta a better un-

derstanding of the effeéts of scale and turbulence as well
as of the effect of the type of stall on airplane perform-
ance.

Langley Memarial Aeronauticél'Laboratoryi
National,Advisory Committee for Aeronautics, .
Langley Field, Va., September 7, 1938,
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10

I'neoretical and Measured Laminar Separation Points

(Measured points obtained from lampblack patterns)

N.A.C.A, Ry o ¢y (Laminar separation pointé
airfoill | (millions)| (deg.) (percent of chord from
leading edge)
Theoretical Measured
0.4 6.2 - - 0.5
Q009 5.1 11,011,080 0.3 &
8.2 11,011,080 .3 ?
A 6.3 - - 3.2
A 9.0 - - 1.0
.4 11.5 - - .5
1.7 g.4 .910 1.8 1.3
0012 1.7 11.1 | 1.050 ¥.2 1.0
1.7 11,9 t 1,100 1.2 W5
3.4 9.4 .210 1.5 1.4
3.4 14.2 | 1,33¢ .8 .4
.4 t 10,3 - - .0, 1,4
4412 1.7 | 10.2 - - 1.2
3.4 | 13.5 - - .9
12 8u3 - - 21-5
L4 8.0 |1,.420 22.6 =21.8
8318 .8 8.0 | 1,445 22.1 26
1.7 8.0 - - None
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Fig. 5a,b
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Figure 5a.— Sketoch indicating general appearance
of lampblack pattern on forward
portion of N.A.0.A. 8318 airfoil. Arrows show

direction of motion of lampblack.
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Figure 5b.— Lampblack pattern on N.A.C.A. 8318 airfoil. Fhotograph of

pattern; ao, , 8.3° , Ry , 300,000.



